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Nuclear magnetic resonance (NMR) spectroscopy is a
useful technique for determining the three-dimensional
structures of proteins in solution. In the last few years new
NMR techniques have been developed and applied to uni-
formly 13C- and 15N-labeled proteins, which has dramati-
cally improved the applicability of NMR to the study of
larger proteins (MW<20kDa) [1]. However, two main
challenges remain for the structure determination of even
larger proteins (MW>20kDa) by NMR. These are the low
signal-to-noise (due to increased relaxation rates caused by
the slower overall tumbling of larger proteins in solution)
and the lack of spectral resolution due to the large number
of signals.
One possible approach for extending the use of NMR to
larger systems is through the utilization of deuterium
labeling. Upon deuteration the signal-to-noise in the
NMR spectra is improved by suppressing spin diffusion
(Fig. 1a) and by decreasing the relaxation rates of 13C and
15N spins (Fig. 1b). In larger proteins that are fully proto-
nated, the efficient distribution of magnetization through
the spin system of dipolar coupled protons (spin diffusion)
leads to large linewidths of the NMR signals and, there-
fore, low signal-to-noise. If the density of protons is
decreased through the use of a deuterated protein, many
of these relaxation pathways are eliminated, and the
signal-to-noise of the NMR spectra is dramatically
improved [2,3]. Another use of deuteration is to reduce the
dipolar interaction between 13C or 15N and the directly
bound proton spin which is the main source of relaxation
in 13C- and 15N-labeled proteins [4,5]. Due to the signifi-
cantly smaller gyromagnetic ratio (g) of the deuterium spin
(gD ~1/6.5gH), the relaxation rates are scaled proportional
to (gD/gH)2 ~0.02. Therefore, the relaxation times of 
13C and 15N spins are greatly increased which leads to
smaller linewidths and higher signal-to-noise. Smaller
linewidths also result from the elimination of passive cou-
plings in deuterated proteins [6]. Another advantage of the
increased relaxation times obtained upon deuteration is
that constant-time experiments (which yield poor signal-
to-noise with fully protonated proteins) can be applied
with high sensitivity [7]. Constant-time experiments yield
spectra with much higher resolution and therefore much
less overlap of cross-peaks. Because of these advantages,
the use of deuterium labeling is playing an important role
in the structure determination of larger proteins by NMR.
In the following report, we discuss recent advances in the
use of deuterium labeling in heteronuclear multidimen-
sional NMR experiments.
Preparation of deuterium labeled proteins
Various strategies have been developed for deuterating pro-
teins (for a review see [8]). These strategies include
methods for the specific deuteration of selected residue
types or of selected positions in aromatic side chains [8–14],
random fractional deuteration [2,3,15–17], and the com-
plete deuteration of nonexchangable protons [3,18]. One of
the most useful approaches is random fractional deutera-
tion, especially when combined with uniform 13C- and 15N-
labeling. Fractionally deuterated and uniformly 13C-,
15N-labeled proteins are easily prepared. To do this, bacte-
ria that overexpress the protein of interest are grown in a
minimal medium containing either uniformly 13C-labeled
sodium acetate [18] or glucose [17] and 15N-labeled ammo-
nium chloride in water containing the desired amount of
Figure 1
Theoretical considerations for the use of deuterium labeling.
(a) Suppression of spin diffusion by fractional deuteration of side chains
in larger proteins. Due to the elimination of competing relaxation
pathways in the network of dipolar coupled protons, relaxation rates of
the remaining protons (e.g. HN) are greatly reduced which leads to
smaller linewidths and higher signal-to-noise. (b) The dipolar interaction
between 13C or 15N and an attached proton, which is proportional to the
square of the gyromagnetic ratios, is significantly reduced by replacing
the proton with deuterium leading to smaller relaxation rates.
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D2O. In order to optimize the expression of the protein,
cell cultures can be adapted to grow in D2O by increasing
the amount of D2O in the growth medium from zero to the
desired percentage with each growth cycle. However, in
practice this is only necessary to obtain deuteration levels of
greater than 75%. Thus, deuterated and uniformly 13C- and
15N-labeled proteins are readily obtained with only slight
modifications of the procedures used to generate uniformly
13C- and 15N-labeled proteins.
Assignment of the backbone resonances
The first step in the structure determination of proteins
by NMR is the assignment of the 1H, 13C and 15N chemi-
cal shifts. This is accomplished by correlating the chemi-
cal shifts of backbone nuclei via 1J-couplings using a suite
of triple resonance NMR experiments [1]. One of the
experiments, for example, is a three-dimensional HNCA
experiment [19] in which the chemical shifts of the amide
proton (HN) and nitrogen (N) are correlated to the chemi-
cal shift of the Ca spin (H→N→Ca). The efficiency of
these triple resonance experiments relies on the relax-
ation properties of the spins involved in the magnetiza-
tion transfer, as the decay of magnetization during the
delays in the pulse sequence decreases the signal-to-
noise, especially for proteins greater than 20kDa in mol-
ecular weight.
An example of the advantages of using fractionally deuter-
ated versus fully protonated 13C-,15N-labeled proteins in
the triple resonance experiments is shown in Figure 2. Pro-
jections of three-dimensional HNCA experiments are
shown that were recorded on the 23kDa complex of the
Shc phosphotyrosine-binding (PTB) domain (190 residues)
complexed to a 12-residue tyrosine phosphorylated peptide
[20]. In these experiments the 13C-, 15N-labeled protein
was fully protonated (Fig. 2a) or fractionally deuterated
(Fig. 2b). The number of cross-peaks visible in the spec-
trum of the 75% fractionally deuterated sample is much
higher than in the spectrum recorded on fully protonated
Shc PTB domain. This gain in signal-to-noise results from
the increased relaxation times of HN, N and Ca spins due
to the fractional deuteration. The increase in signal-to-
noise is especially pronounced for the Ca spins, which
have very fast relaxation rates due to the dipolar coupling
with the directly bound Ha proton. The downscaling of
this interaction upon substituting the Ha by deuterium,
leads to a large increase in the Ca relaxation times. For
example, in NMR studies of a 37kDa Trp repressor–DNA
complex, it has recently been demonstrated, that the Ca
relaxation times increase from 16.5ms (100%1H) to 130ms
(70% 2H) [7]. Moreover, due to this improvement in 
sensitivity, NMR experiments that employ constant-time
periods for the chemical shift evolution can be used which
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HN,Ca projections from three-dimensional HNCA experiments. The
projections were obtained from spectra recorded on: (a) uniformly
[15N,13C]-labeled Shc phosphotyrosine-binding (PTB) domain and
(b) 75 % 2H, uniformly [15N,13C]-labeled Shc PTB domain complexed
with an unlabeled tyrosine-phosphorylated 12-mer peptide.
greatly improves the resolution in the spectra as illustrated
in Figure 2. The improved resolution is especially useful in
studies of larger proteins, in which the large number of
cross-peaks overlap even in heteronuclear, multidimen-
sional NMR experiments. For the projection of the high
resolution three-dimensional HNCA spectrum shown in
Figure 2a, Ca chemical shifts are recorded during a con-
stant-time period of 1/1J(Ca,Cb)~28ms in order to refocus
the undesired 1J(Ca,Cb) coupling. 2H decoupling is
applied during the constant-time period [4,5,7]. On a fully
protonated protein, the very short relaxation times of the
Ca spins (<20ms) would lead to a rapid decay of mag-
netization during the constant-time period making these
experiments impractical. Similar gains in sensitivity and
resolution have been achieved for other triple resonance
experiments used in assigning the backbone resonances of
proteins [17–22]. These techniques have allowed the back-
bone assignments of larger proteins with molecular weights
as high as 64kDa [21].
Assignment of the side chain resonances
After assigning the backbone resonances, the next step in
the determination of protein structure by NMR is to
assign the side chain 1H and 13C signals. Usually HCCH–
TOCSY (H→C→C→H total correlation spectroscopy)
experiments [23,24], in which side chain 1H and 13C
signals are correlated with each other [1], are used for this
purpose. However, although these experiments are quite
sensitive even for proteins with higher molecular weight,
analyzing the spectra is complicated due to the extensive
signal overlap obtained with larger proteins. In principle,
side chain assignments are most easily achieved by corre-
lating the side chain 1H and 13C chemical shifts to the well
dispersed HN,N signals of the backbone amides in
HC(CO)NH–TOCSY experiments [25–27]. Data analysis
of these experiments is straightforward and much faster
than for HCCH–TOCSY experiments. This is because
side chain chemical shifts can simply be read out at the
HN and N chemical shifts of the amide of the neighboring
residue. However, as these experiments involve a number
of magnetization transfer steps (H→C→Ca→C′→N→
HN), including transfer via the fast relaxing Ca spin, they
yield poor signal-to-noise for proteins with molecular
weights greater than20kDa. In contrast, when applied to a
deuterated protein, these experiments become feasible.
For the side chain 13C assignments, a perdeuterated
sample can be used [28]. In this case, magnetization trans-
fer originates from the 13C spins and is transferred back to
the amide protons. Alternatively, side chain 13C assign-
ments can be obtained on a fractionally deuterated
protein. For this purpose, as for the assignments of side
chain proton signals, a compromise has to be found for the
deuteration level with respect to the dilution of side-chain
protons that determine the observable magnetization and
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Two-dimensional HN,HN NOESY planes. Results obtained on an
(a) 15N-labeled RNA methyltransferase, ErmAm, with a mixing time of
80 ms and (b) uniformly 2H-,15N-labeled ErmAm with a mixing time of
200 ms.
the improvement of relaxation times by the deuteration
level. In a recent study, 50% fractional deuteration was
found to optimize the sensitivity for experiments that cor-
relate side-chain resonances with the amide protons [22],
allowing the use of only one sample for obtaining the side
chain assignments in larger proteins.
Distance restraints
The primary parameters used to derive three-dimensional
structures from NMR are the interatomic distances that are
measured by nuclear Overhauser effects (NOEs). Three
types of cross-peaks have to be considered in NOE experi-
ments. These include NOEs between: nonexchangable
protons (CH↔CH); amide and nonexchangable protons
(NH↔CH); and amide protons (NH↔NH). In a frac-
tionally deuterated protein, cross-peaks between nonex-
changable protons are expected to have less signal-to-noise
compared to a fully protonated sample, due to the dilution
of the 1H spins on both the originating and destination
proton. For NOE cross-peaks between fully protonated
exchangeable amide protons and nonexchangable side-
chain protons, the overall sensitivity observed with a fully
protonated and a fractionally deuterated protein is about
the same. This is because the gain in signal-to-noise from
the increase of relaxation times is compensated for by the
dilution of available 1H spins in a fractionally deuterated
sample. However, NOEs with considerably enhanced sen-
sitivity are observed between exchangeable HN protons on
a protein with 100% deuteration of the side-chain spin
systems. Furthermore, as spin diffusion into the side
chains is eliminated, longer NOE mixing times can be
used, allowing NOEs corresponding to longer distances to
be detected [2,3,11,12,29,30]. An example of the improve-
ments in NOE spectra of a large protein the RNA methyl
transferase ErmAm 28kDa) when deuterated is shown in
Figure 3. Compared to the 15N-edited NOE spectrum,
acquired with the fully protonated protein (Fig. 3a), many
more NOE cross-peaks are observed with considerably
higher signal-to-noise with the uniformly 2H- and 15N-
labeled protein (Fig. 3b). The increased number of NOEs
between the amide protons obtained from a perdeuterated
sample of ErmAm was very helpful in determining the
overall fold of this protein (SWF, unpublished data). Thus,
as demonstrated previously, deuteration also promises to
be useful for the extraction of distance restraints for larger
proteins [2,3,29,30].
Conclusions and perspectives
In summary, the use of deuteration in combination with
uniformly 13C- and 15N-labeling dramatically improves
the quality of NMR spectra of larger proteins. These
improvements allow the backbone and side-chain signals
of larger proteins to be assigned and aids in the acquisition
and analysis of NOE data. Using these methods, three-
dimensional structures of proteins up to 30 kDa have been
determined [20,31,32; SWF, unpublished data]. Further
developments of NMR methods and variation of labeling
techniques promise to push the molecular weight limit
even further.
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